Xenophagy is a selective lysosomal degradation pathway for invading pathogens in host cells. However, invading bacteria also develop survival mechanisms to inhibit host autophagy. RavZ is a protein secreted by Legionella that irreversibly delipidates mammalian autophagy-related protein 8 (mATG8) on autophagic membranes in host cells via efficient autophagic membrane targeting. In this study, we leveraged the autophagic membrane-targeting mechanism of RavZ and generated a new autophagosome probe by replacing the catalytic domain of RavZ with GFP. This probe is efficiently localized to mATG8-positive autophagic membranes via a synergistic combination between mATG8 protein-binding mediated by the LC3-interacting region (LIR) motifs and phosphoinositide-3-phosphate (PI3P) binding mediated by the membrane-targeting (MT) domain. Furthermore, the membrane association activity of this new probe with an MT domain was more efficient than that of probes with a hydrophobic domain that were previously used in LIR-based autophagosome sensors. Finally, by substituting the LIR motifs of RavZ with selective LIR motifs from Fyco1 or ULK2, we developed new probes for detecting LC3A/B-or GABARAP subfamily-positive autophagic membranes, respectively. We propose that these new RavZ-based sensors will be useful for monitoring and studying the function of mATG8-positive autophagic membranes in different cellular contexts for autophagy research.
Results and Discussion
Generation and cellular localization of RavZ(ΔCA)-GFP into LC3 or GABARAP-positive autophagic membranes in an MT domain, LIR1/2 motif, or LIR3 motif-dependent manner. It has been reported that RavZ protein secreted from Legionella is targeted to autophagic membranes and delipidates mATG8-PE on autophagic membranes in cells 19, 20 . Consistent with this, overexpression of 3xFlag-RavZ but not 3xFlag-RavZ C258S, a catalytic mutant of RavZ, reduced LC3B-II in HEK293T Cells (Fig. 1A) . These results indicate that RavZ protein is targeted to autophagic membranes and the catalytic domain of RavZ could delipidate mATG8-PE on autophagic membranes. Therefore, deletion of the catalytic domain of RavZ can be used as the target for new autophagic membrane probes. We first deleted the catalytic domain of RavZ and replaced it with GFP to generate RavZ(ΔCA)-GFP (Fig. 1B, upper and Supplemental Fig. 1A ). As shown in Fig. 1B (lower), RavZ(ΔCA)-GFP was localized with mRFP-LC3B-or mRFP-GABARAP-positive autophagic membranes in rapamycin/NH 4 Cl-treated mouse embryonic fibroblast (MEF) cells. Quantitative analysis showed that RavZ(ΔCA)-GFP was co-localized with mRFP-LC3B-or mRFP-GABARAP-positive autophagic membranes at similar levels (Fig. 1C ). In addition, RavZ(ΔCA)-GFP detected a vesicle structure in wild-type HeLa cells, but not in ATG5-or ATG7-knockout HeLa cells in an autophagy-dependent manner (Supplemental Fig. 2 ).
Next, we examined whether RavZ(ΔCA)-GFP could detect autolysosomes by using LysoTracker. For this purpose, LysoTracker was added to detect acidic vesicles in MEFs expressing GFP, GFP-LC3B or RavZ(ΔCA)-GFP. As shown in Fig. 1D ,E, RavZ(ΔCA)-GFP or GFP-LC3B was localized to LysoTracker-positive autolysosomes in rapamycin-treated MEF cells similarly, suggesting that RavZ(ΔCA)-GFP-positive autophagic membranes were also recruited to autolysosomes as similar with GFP-LC3B positive autophagic membranes.
Because RavZ(ΔCA)-GFP binds to the mATG8 proteins, it may also affect autophagic flux via expression of the exogenous LIR motif. The latter process may stimulate sequestration of endogenous LC3B and/or modify its functions. To measure autophagic flux, the levels of autophagic substrates, such as LC3B-II or GABARAP-II, in HEK293T (rapamycin treatment) cells expressing GFP or RavZ(ΔCA)-GFP in the presence or absence of 50 μM CQ were quantified by western blotting 30, 31 . As shown in Fig. 1F ,G, the level of substrate proteins, which indicates the autophagic flux rate, in HEK293T cells expressing RavZ(ΔCA)-GFP was similar to that in control cells expressing GFP. This suggests that the expression of RavZ(ΔCA)-GFP sensors did not affect autophagic flux in the turnover assay of endogenous LC3B or GABARAP.
It has been reported that in RavZ protein, LIR motifs bind directly to mATG8 proteins, whereas an MT domain specifically binds to PI3P on the cytoplasmic surface of the intracellular membrane 19, 20 . To further evaluate the contributions of LIR motifs and MT domains within RavZ to the autophagic membrane targeting of RavZ(ΔCA)-GFP, we generated RavZ(ΔCA) mLIR1/2-3 -GFP, an LIR1/2-3 mutant of RavZ(ΔCA)-GFP, and LIR(1/2-3)-GFP, an MT domain deletion mutant of RavZ(ΔCA)-GFP ( Fig. 2A ). Each construct was co-expressed with mRFP-LC3 or mRFP-GABARAP proteins in MEF cells. To quantify the autophagic membrane localization, the ratio of GFP fluorescence intensity in autophagic membranes to that of cytosol (the A/C . The data are presented as the mean ± SEM. ***P < 0.001, according to one-way ANOVA followed by Tukey's post-hoc test. Scale bar, 10 µm. (F,G) Autophagic flux indicates differences in the levels of LC3-II of GABARAP-II in the presence and absence of chloroquine (CQ). The bar graphs illustrate the level of LC3-II or GABARAP-II. The levels of LC3-II and GABARAP-II in the GFP-or RavZ(ΔCA)-GFP-expressing cells were normalized to that of actin in HEK293T cells expressing GFP or RavZ(ΔCA)-GFP. The data are presented as the mean ± SEM of five independent experiments. Extended blot images including these data are presented in Supplementary Fig. 5B . RAP, GABARAP. ratio) was measured ( Fig. 2B ). As shown in Fig. 2A ,B, RavZ(ΔCA)-GFP was strongly localized to mRFP-LC3Bor mRFP-GABARAP-positive autophagic membranes, while LIR(1/2-3)-GFP was more weakly localized with mRFP-LC3B-or mRFP-GABARAP-positive autophagic membranes than RavZ(ΔCA)-GFP (***P < 0.001, one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test). However, the LIR mutant RavZ(ΔCA) mLIR1/2-3 -GFP was not localized to autophagic membranes even in rapamycin/NH 4 Cl-treated MEF cells. Taken together, these results indicate that an MT domain alone, which is known to bind to PI3P, is insufficient for early endosome and autophagic membrane targeting in cells. In addition, the LIR motif alone was weakly targeted to autophagic membranes. However, the combination of an LIR motif and an MT domain resulted in efficient LC3B or GABARAP-positive autophagic membrane targeting.
Next, we performed GST-pulldown assays to elucidate the binding properties of each mutant with mATG8 proteins. As shown in Fig. 2C ,D, RavZ(ΔCA)-GFP and LIR(1/2-3)-GFP bound to GST-LC3A/B and GST-GABARAP/-L1/-L2 but not to GST-LC3C at a similar level, whereas RavZ(ΔCA) mLIR1/2-3 -GFP did not bind to any of the GST-mATG8 proteins tested. Considering the cellular localization and mATG8 protein binding www.nature.com/scientificreports www.nature.com/scientificreports/ results, LIR motifs are primarily involved in mATG8 binding and an MT domain is additionally required for efficient autophagic membrane targeting via membrane association.
Characterization of LC3-and GABARAP-binding to the LIR1/2 and LIR3 motifs of RavZ(ΔCA)-GFP.
To further evaluate the differential roles of N-terminal LIR1/2 motifs and the C-terminal LIR3 motif within RavZ, we generated an LIR1/2 motif mutant of RavZ(ΔCA)-GFP (RavZ(ΔCA) mLIR1/2 -GFP) and an LIR3 motif mutant of RavZ(ΔCA)-GFP (RavZ(ΔCA) mLIR3 -GFP). As shown in Fig. 3A ,B, RavZ(ΔCA) mLIR1/2 -GFP 4 Cl. The bar graphs (B) illustrate the GFP fluorescence intensities of the autophagic membranes and the cytosol (the A/C ratio) (n = 75 for each group). ***P < 0.001 (n = 75 for each group) oneway analysis of variance (ANOVA) followed by Tukey's post-hoc test). Scale bar: 10 μm. (C,D) mATG8 proteinbinding properties of the GFP-fused LIR motifs of RavZ proteins using GST-pulldown assays and quantification analysis for the binding. Extended blot images including these data are presented in Supplementary Fig. 6B . The bar graphs (D) illustrate relative quantification of the level of bound GFP-constructs in GST pull-down assay. The levels of bound GFP-constructs intensity were normalized to the intensity of the expressed GFP-constructs (input). The data are presented as the mean ± SEM of three independent experiments. RavZ(ΔCA) mLIR1/2-3 -GFP, LIR1/2/3 mutant of RavZ(ΔCA)-GFP; RavZ(ΔCA) mLIR1/2 -GFP, LIR1/2 motif mutant of RavZ(ΔCA)-GFP; RavZ(ΔCA) mLIR3 -GFP, LIR3 motif mutant of RavZ(ΔCA)-GFP. RAP, GABARAP; RAP-L1, GABARAP-L1; RAP-L2, GABARAP-L2; N.S., not significant. www.nature.com/scientificreports www.nature.com/scientificreports/ was localized with mRFP-LC3B-or mRFP-GABARAP-positive autophagic membranes, albeit less efficiently than RavZ(ΔCA)-GFP (***P < 0.001, one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test). On the other hand, RavZ(ΔCA) mLIR3 -GFP was localized with mRFP-LC3B-positive autophagic membranes, but not with mRFP-GABARAP-positive autophagic membranes. These results suggest that both LIR1/2 motifs and LIR3 motif are involved in autophagic membrane targeting of RavZ(ΔCA)-GFP.
Next, we performed GST-pulldown assays to elucidate the binding properties of each mutant with the mATG8 protein family. As shown in Fig. 3C ,D, RavZ(ΔCA) mLIR1/2 -GFP bound to GST-GABARAP/-L1 but not to GST-LC3A/B/C and GST-GABARAP-L2, while RavZ(ΔCA) mLIR3 -GFP bound to GST-LC3B and weakly to GST-GABARAP-L1. As a control, RavZ(ΔCA)-GFP, but not RavZ(ΔCA) mLIR1/2-3 -GFP bound to GST-LC3A/B and GST-GABARAP/-L1/-L2 but not to GST-LC3C. Quantification of GST binding showed that the binding of any mATG8 to RavZ(ΔCA)-GFP was higher than the binding to either RavZ(ΔCA) mLIR1/2 -GFP or RavZ(ΔCA) mLIR3 -GFP ( Fig. 3D ), indicating that both the LIR1/2 and LIR3 motifs contributed to the LC3 or GABARAP subfamily binding of RavZ protein. Overall, the results of both cellular localization and GST-pulldown assays suggest that both the LIR1/2 and LIR3 motifs are required for mATG8 proteins binding except for LC3C binding.
Our cellular analysis of the modified RavZ(ΔCA)-GFP indicated that the protein is efficiently targeted to autophagosomes via a combination of LIR motifs and an MT domain. An MT domain, an LIR1/2 motif, or an LIR3 motif alone is negligible or weak for targeting RavZ to autophagic membranes. However, when the three domains are combined, as in the RavZ(ΔCA)-GFP protein, the protein is efficiently targeted to autophagic membranes. It has been reported that the catalytic domain of the RavZ protein also has an α3 helix, which is involved in the association of the membrane with enzyme activity (Supplemental Fig. 1A ) 20 . Therefore, in wild-type RavZ, efficient autophagic membrane targeting of RavZ protein is mediated by the combination of multiple domains including two membrane association domains (an α3 helix in the catalytic domain and a PI3P-binding MT domain) and multiple LIR motifs (an LIR1/2 motifs and an LIR3 motif) for direct mATG8 protein binding.
Comparative analysis of the autophagosome targeting efficiency between HyD motifs and MT domains.
We recently developed LIR-based autophagosome sensors using a HyD motif, which enhances the membrane localization 15 . In RavZ proteins, an MT domain, another type of membrane association domain, plays an assisting role in autophagosome targeting of RavZ(ΔCA)-GFP (Fig. 2) . Therefore, to compare the relative efficiency of autophagosome targeting between a HyD motif and an MT domain, we generated several constructs, as shown in Fig. 4A : GFP fused to an MT domain (GFP-MT) and to an LIR3 motif from RavZ fused to GFP, GFP-MT, or HyD-GFP (GFP-LIR3, GFP-MT-LIR3, and HyD-LIR3-GFP, respectively). Each construct was co-expressed with either mRFP-LC3B or mRFP-GABARAP in MEF cells. As shown in Fig. 4A , GFP-LIR3, GFP-HyD, or GFP-MT alone was diffusely localized to the cytosol and nucleus and was barely localized to autophagic membranes. However, GFP-MT-LIR3 and HyD-LIR3-GFP were co-localized with mRFP-LC3B-or mRFP-GABARAP-positive autophagic membranes in rapamycin/NH 4 Cl-treated cells (Fig. 4A,B) . Thus, when LIR motifs were combined with an MT domain or a HyD motif, the A/C ratio was significantly enhanced. More intriguingly, GFP-MT-LIR3 was more efficiently localized to autophagic membranes than HyD-LIR3-GFP (***P < 0.001, one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test). Therefore, our comparative analysis of the A/C ratios between MT-and HyD-LIR probes suggests that an MT domain facilitates autophagic membrane-targeting through PI3P-binding more efficiently than a HyD motif through non-selective membrane association via hydrophobic interactions on autophagic membranes.
Monitoring LC3 or GABARAP subfamily-positive autophagic membranes using RavZ-based probes modified by replacement of LIR motifs with those selective for members of the LC3 or GABARAP subfamily. If RavZ(ΔCA)-GFP constructs are to be used for monitoring LC3-or GABARAP-positive autophagic membranes selectively, the LIR motifs of RavZ must be replaced with other LIR motifs that specifically and selectively bind to LC3 or GABARAP proteins. Based on previous studies that analyzed the preferential binding properties of LIR motifs for either LC3 or GABARAP, we chose candidate LIR motifs from Fyco1 as an LC3 subfamily-specific motif and from ULK2 as GABARAP subfamily-specific motifs (Fig. 5A ). To generate selective LC3-or GABARAP-positive autophagic membrane-detecting RavZ-based probes, we replaced the LIR1/2 and LIR3 motifs within RavZ(ΔCA)-GFP with LIR motifs from Fyco1 or ULK2, generating RavZ(ΔCA) Fy -GFP and RavZ(ΔCA) ULK2 -GFP, respectively. Each probe, which contains two LIR motifs and an MT domain, was co-expressed with each 3xFlag-mATG8 protein in HEK293T cells and Flag co-immunoprecipitation (Flag co-IP) assays were performed to investigate the binding properties of these new LIR motifs. As shown in Supplemental Fig. 3 , RavZ(ΔCA) Fy -GFP bound selectively to 3xFlag-LC3A or 3xFlag-LC3B, but not to 3xFlag-LC3C or 3xFlag-GABARAP, -L1, or -L2. In contrast, RavZ(ΔCA) ULK2 -GFP bound to 3xFlag-GABARAP, -L1, or -L2 but not to 3xFlag-LC3A, B, or C.
Next, RavZ(ΔCA) Fy -GFP or RavZ(ΔCA) ULK2 -GFP was co-expressed with each of the mRFP-mATG8 proteins in MEF cells. As shown in Fig. 5B ,C, RavZ(ΔCA) Fy -GFP was efficiently localized to mRFP-LC3A/B-positive autophagosomes, whereas RavZ(ΔCA) ULK2 -GFP was efficiently localized to mRFP-GABARAP/-L1/-L2-positive autophagosomes in MEF cells (***P < 0.001, one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test). Similarly, RavZ(ΔCA) Fy -GFP-positive spots were more co-localized with mRFP-LC3 subfamily-positive spots than mRFP-GABARAP subfamily-positive spots (***P < 0.001, one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test) ( Fig. 5D ). On the other hand, RavZ(ΔCA) ULK2 -GFP-positive spots were more co-localized with mRFP-GABARAP subfamily-positive spots than mRFP-LC3 subfamily-positive spots (***P < 0.001, one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test) (Fig. 5D ). In addition, RavZ(ΔCA) Fy -GFP and RavZ(ΔCA) ULK2 -GFP detected vesicle structures in wild-type HeLa cells, but not in ATG5-or ATG7-knockout HeLa cells in an autophagy-dependent manner (Supplemental Fig. 2 www.nature.com/scientificreports www.nature.com/scientificreports/ As shown in Fig. 5E ,F, the expression of RavZ(ΔCA) Fy -GFP or RavZ(ΔCA) ULK2 -GFP did not affect autophagic flux in the turnover assay of endogenous LC3B or GABARAP. These results suggest that RavZ(ΔCA) Fy -GFP and RavZ(ΔCA) ULK2 -GFP can detect endogenous autophagic membranes and preferentially detect LC3A/B-positive and GABARAP-positive autophagic membranes, respectively.
Next, we examined the dynamics of RavZ(ΔCA) X -GFP-positive autophagic membranes in MEF cells using live-cell imaging. Kymograph analysis of GFP-LC3B, GFP-GABARAP, RavZ(ΔCA)-GFP RavZ(ΔCA) Fy -GFP, and RavZ(ΔCA) ULK2 -GFP mobility showed no difference between the groups (Supplemental Fig. 4) .
We summarized the A/C ratio of the constructs used in the experiments in Supplemental Table 1 . The A/C ratio clearly showed that RavZ(ΔCA)-GFP efficiently detected both LCB and GABARAP-positive autophagic membranes. Meanwhile, RavZ(ΔCA) Fy -GFP selectively detected LC3A/B-positive autophagic membranes, whereas RavZ(ΔCA) ULK2 -GFP efficiently detected GABARAP subfamily-positive autophagic membranes. RavZ(ΔCA) mLIR3 -GFP also selectively detected LC3B-positive autophagic membranes but to a much weaker degree than RavZ(ΔCA) Fy -GFP. RavZ(ΔCA) mLIR1/2 -GFP detected both LC3B-and GABARAP-positive autophagic membranes to a much weaker degree than RavZ(ΔCA)-GFP. Thus, RavZ(ΔCA)-GFP, RavZ(ΔCA) Fy -GFP, and RavZ(ΔCA) ULK2 -GFP are useful for detecting all types of mATG8-positive, LC3A/B-positive, and GABARAP subfamily-positive autophagic membranes, respectively.
Many mATG8-interacting proteins contain a canonical LIR motif with a core consensus sequence, (W/F/ Y)-X-X-(L/I/V), which binds to LIR docking sites (LDS) in two hydrophobic pockets, HP1 and HP2, conserved in mATG8s using W/F/Y and L/I/V, respectively 9, [32] [33] [34] [35] . As shown in Supplemental Fig. 1B , canonical LIR motifs from RavZ, Fyco1, and ULK2 have "F" in a core LIR motifs commonly. Recently, the GABARAP-selective motif (GIM) was proposed to have a core consensus sequence ((W/F)-(I/V)-X-V) 36 . The LIR motif from ULK2 has "FVLV, " which follows the GIM consensus sequence. The LIR3 motif of RavZ has "FVTI, " which is similar to the GIM sequence ((W/F)-(I/V)-X-V) except for the presence of "I" instead of "V". This might be the reason why the LIR3 motif of RavZ has GABARAP-preferential binding.
In a previous study, we used a general membrane association motif, a HyD motif, to monitor endogenous mATG8 family proteins in autophagosomes in live cells without overexpression 15, 21 . HyD motifs have mild www.nature.com/scientificreports www.nature.com/scientificreports/ hydrophobicity and, by themselves, have no organelle membrane targeting; instead, these motifs help enhance membrane association mediated by LIR motifs 15 . Similarly, we found that the MT domain of RavZ alone is localized to the cytosol, but not to the early endosome, where it fails to enrich PI3P probably due to weak PI3P The levels of LC3-II and GABARAP-II in the GFP, RavZ(ΔCA) Fy -GFP, or RavZ(ΔCA) ULK2 -GFP-expressing cells were normalized to that of actin in HEK293T cells expressing GFP, RavZ(ΔCA) Fy -GFP, or RavZ(ΔCA) ULK2 -GFP-expressing cells. The cell lysates were then subjected to western blot analyses (E) and quantification analysis (F) with an anti-GFP, anti-LC3, anti-GABARAP, or anti-β-actin antibody. The data are presented as the mean ± SEM of five independent experiments. Extended blot images including these data are presented in Supplementary Fig. 7 . RAP, GABARAP; RAP-L1, GABARAP-L1; RAP-L2, GABARAP-L2; N.S., not significant. www.nature.com/scientificreports www.nature.com/scientificreports/ binding, but helps to enhance membrane association mediated by LIR motifs (Figs 2A,B and 4) . Therefore, using an MT domain of RavZ can minimize the sequestering and altering of PI3P dynamics in cells. In a previous study, we duplicated LIR motifs to enhance the efficiency of autophagic membranes further and generated GABARAP subfamily-positive autophagic membrane-targeting probes (HyD-2xLIR(ULK2)-GFP and HyD-2xLIR(Stbd1)-GFP) 21 . Interestingly, the wild-type RavZ protein has multiple LIR motifs that enhance autophagic membrane targeting through the synergistic binding avidity of the N-and C-terminal LIR motifs. Thus, RavZ has a useful structure for sensing autophagic membranes. We leveraged this advantage in our study to generate probes that detect LC3A/B-or GABARAP-positive autophagic membranes in cells. However, if LIR-based sensors are expressed at a higher level, they could potentially function as dominant-negative probes that sequester endogenous LIR-containing proteins or PI3P. Therefore, to be used as probes to detect LC3-or GABARAP-positive autophagic membranes, stable cell lines that express RavZ(ΔCA) X -GFP at a lower level or promoters that mediate lower expression levels need to be considered. Despite some limitations, we propose that RavZ(ΔCA) X -GFP constructs are an advanced version of LIR-based LC3-or GABARAP-positive autophagic membrane-detecting probes for autophagy research. Supplemental Table 2 . The regions encoding individual RavZ LIR1/2 or LIR3 motifs and MT domains were generated by PCR amplification of pcDNA3.1(−)-Flag-RavZ vectors and inserted into the N3-EGFP vector using restriction enzymes. The pcDNA3.1(−)-Flag-RavZ vectors were kindly provided by Dr. Song (Department of Life Sciences, Korea University, Korea) 19 . The Aplysia PDE4 shortform (N20) (SN20, HyD)-GFP was generated by PCR amplification of the full-length Aplysia PDE4 short-form gene and inserted into the pcDNA3.1-EGFP and N3-EGFP vectors. Mutations of the RavZ LIR motif were amplified by PCR using RavZ LIR1/2 or 3 mutant primers (Supplemental Table 2 ) and inserted into N3-RavZ-EGFP vectors using restriction enzymes. Additionally, other LIR motifs, including FUNDC1, Fyco1, Stbd1, and ULK2, were amplified by PCR using primers (Supplemental Table 2 ) and inserted into N3-RavZ-GFP vectors to replace the RavZ LIR with another LIR. GST-LC3A, GST-LC3B, GST-LC3C, GST-GABARAP, GST-GABARAP-L1, and GST-GABARAP-L2 were obtained from Addgene (Cambridge, MA, USA). We also used previously described DNA constructs mRFP-LC3A, mRFP-LC3B, mRFP-LC3C, mRFP-GABARAP, mRFP-GABARAP-L1, and mRFP-GABARAP-L2 15 in this study.
Methods

DNA constructs. All primers are listed in
Cell culture, transfection, confocal microscopy, and drug treatment. This method has been previously described 37 . Briefly, HEK293T, MEF, and HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum and penicillin/streptomycin in a humidified atmosphere of 5% (v/v) CO 2 at 37 °C. Cells were seeded in a Sticky-Slide 8-well system (Catalog #: 80828; Ibidi, Martinsried, Germany) to obtain 40-60% confluent cells on the day of imaging. Cells were transfected with DNA constructs using calcium phosphate or Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA) 20-24 h before imaging. The relative amount of each construct was empirically determined based on the relative expression of each construct combination.
Cells were visualized with an inverted Zeiss LSM-700 scanning laser confocal microscope operated by ZEN software (Carl Zeiss, Oberkochen, Germany). The laser lines for excitation and the spectral detection windows for the fluorochromes were 488 with 508-543 nm for GFP and 561 with 578-649 nm for mRFP. Appropriate GFP (500-550 nm) and mRFP (575-625 nm) emission filters were used during the sequential imaging of each fluorescent protein. Most images were taken with live cells. Rapamycin was obtained from Sigma-Aldrich (Catalog #: R8781; St. Louis, MO, USA). All treatments and assays were performed at 37 °C unless otherwise indicated.
Quantitative analysis of A/C ratio.
To calculate the ratio of autophagosome/cytosol (A/C) fluorescent intensities, the average value of the autophagosome or cytosol fluorescent intensity was obtained from at least five randomly selected points on autophagosomes or in the cytosol of a single cell using ZEN software. In the same manner, the quantitative A/C ratio of at least 25 randomly selected cells per experiment was obtained from three independent experiments. All statistical data were calculated and graphed using GraphPad Prism5 (GraphPad, Inc., La Jolla, CA, USA).
Co-localized spot number analysis.
To determine the percent of co-localized spots of LC3/ GABARAP-positive autophagosomes in autophagy-induced cells, the number of co-localized spots over a certain size in a single cell was counted using Image-J software. First, the cell image was changed to an 8-bit image and then inverted. Next, the background was removed so that only the spot was visible, and finally, the number of co-localized spots was counted using the "Analyze particles" function in the Image-J program. In the same manner, at least 25 randomly selected cells were quantified. All statistical data were calculated and graphed using GraphPad Prism5.
GST-pulldown assay. For GST-pulldown assays using HEK293T cell lysates, cells were transfected with the GFP construct-containing DNA using calcium phosphate (Takara Bio) transfection. After 24 h, cells were harvested, washed with PBS, and lysed in immunoprecipitation lysis buffer solution (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 2 mM EDTA; 1% Triton X -100; and protease and phosphatase inhibitors), and the supernatants were isolated after centrifugation. Cell lysates were incubated with purified GST-mATG8 protein and glutathione-agarose beads overnight at 4 °C. The next day, they were washed 3-5 times with immunoprecipitation lysis buffer solution at 4 °C. Proteins were separated by SDS-PAGE and analyzed by Western blot and Coomassie blue staining.
